Atrial fibrillation is the most common arrhythmia worldwide with increasing frequency noted with age. Hyperthyroidism is a well-known cause of atrial fibrillation with a 16%-60% prevalence of atrial fibrillation in patients with known hyperthyroidism Ross et al. (2016) . While hyperthyroidism as a causative factor of atrial fibrillation is well established, this literature review aims to answer several questions on this topic including:
Introduction
Hyperthyroidism, or thyrotoxicosis occurs due to excess release of thyroid hormone due to an overactive thyroid gland or passive release of the stored hormone. Additionally, hyperthyroidism occurs from over treatment with thyroid hormone. Hyperthyroidism is generally considered overt or subclinical, depending on the biochemical severity of the hyperthyroidism. Overt hyperthyroidism is defined as suppressed (usually undetectable) thyrotropin (TSH) and elevated levels of triiodothyronine (T3) and/or estimated free thyroxine (free T4). Subclinical hyperthyroidism is defined as a low or undetectable serum TSH with values within the normal reference range for both T3 and free T4. 1 Hyperthyroidism should be considered the potential illness whenever TSH level is subnormal. The prevalence of hyperthyroidism in the United States is approximately 1.2% (0.5% overt and 0.7% subclinical). 2 In an older community in Baltimore, the prevalence of low TSH was 9.6% for participants on thyroid hormone and 0.8% for untreated individuals. 3 In a study performed by Krahn et al., the authors found that <1% of cases of atrial fibrillation are secondary to an acute hyperthyroid state. 4 Despite hyperthyroidism being a relatively rare cause of atrial fibrillation, this review underscores the importance of identifying thyrotoxic atrial fibrillation, understanding differences in pathophysiology and management as well as illustrating the importance of screening for hyperthyroidism in those presenting with atrial fibrillation. We have compiled literature from PubMed, Scopus and Ovid to ensure a thorough and accurate literature review.
New onset hyperthyroidism and the relationship with atrial fibrillation
Hyperthyroidism is a well-known cause of atrial fibrillation. In a large population based study by frost and colleagues, all patients with new onset hyperthyroidism in the inpatient setting were followed [ 1 3 
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days from the diagnosis of hyperthyroidism to observe for a new onset diagnosis of atrial fibrillation or atrial flutter. It was found that 8.3% of such patients had a new onset diagnosis of atrial fibrillation or atrial flutter. 2 In patients with hyperthyroidism it was found that those who were male, advancing age, coronary artery disease, congestive heart failure and valvular heart disease were found to have a higher incidence of atrial fibrillation. 
Atrial fibrillation as a predictor of developing hyperthyroidism
In a large nationwide cohort study performed in Denmark by Selmer and colleagues, patients who were diagnosed with new onset atrial fibrillation were followed in the outpatient setting for 13 years to identify if they would develop hyperthyroidism. 6 In the 13 year follow up there was a significantly higher incidence of hyperthyroidism being diagnosed particularly in the male population between the ages of 51-60 when compared to the general population of that age without a diagnosis of atrial fibrillation. Another Canadian study was performed testing this association on a smaller scale and failed to show an association. 7 However, as the study performed by Selmer and colleagues was the most comprehensive study, its clinical application includes routine screening for hyperthyroidism in patients with new onset atrial fibrillation. While there are no studies on the incidence of subclinical hyperthyroidism after presenting with atrial fibrillation, routine monitoring of thyroid studies would identify this subgroup. The authors believed that these findings may have been secondary to:
1 Autoantibody formation against b1-adrenergic and M2-muscarinic receptors has been known to occur in hyperthyroidism and may trigger Atrial fibrillation prior to thyroid dysfunction. 8 2 A genetic susceptibility to atrial fibrillation may be linked to hyperthyroidism 9 3 Patients may have relative rises or falls in thyroid function testing, yet still remain within normal limits compared to reference values. Such variation may increase the risk of developing atrial fibrillation and will subsequently increase the risk of clinical hyperthyroidism in the future 10, 11 Current guidelines are not available regarding frequency of screening and are per clinician discretion.
Pathophysiology
Atrial fibrillation irrespective of thyroid function is believed to be due to chaotic electrical activity resulting in a micro-reentrant tachycardia. 12 The wavelength theory described by Allessie and coworkers describes a wavelength, which is a product of atrial refractoriness and conduction velocity. If the patient has a long wavelength as per this theory then re-entry will not be maintained and thus self terminate. 13 In order for atrial fibrillation to be sustained the wavelength has to be short enough such that wavefronts can circulate the atrium without termination. As per this theory, atrial refractoriness, conduction velocity or both has to be sufficiently reduced to allow re-entry of wavefronts and sustainment of atrial fibrillatory waves. Other theories exist regarding the mechanism of atrial fibrillation including the presence of anatomical substrate and abnormal ectopic atrial firing. Because anyone of these abnormal findings can result in atrial fibrillation, it is important to note differences in pathophysiology between those who have atrial fibrillation with hyperthyroid and euthyroid functions. In those patients who were hyperthyroid it was found that elevated thyroid hormone altered the b1-adrenergic and M2-muscarinic receptors of the heart resulting in increased sympathetic function, tachycardia and decreased atrial refractory period. It is also known that thyroid hormone plays a role in altering ionic channels. In a study performed by Watanbe et al. the effects of thyroid hormone on mRNA expression and currents of major ionic channels were studied in murine atria. The authors found that thyroid hormone resulted in such major changes 14 :
1.) Decreased L-type Calcium channel mRNA expression 2.) Increased expression of Kv 1.5 mRNA 3.) The above changes resulted in increased outward current and decreased inward current resulting in shorter action potential duration
In another study performed in rats, the authors compared action potential duration and whole cell currents in the right and left atria in both euthyroid and hyperthyroid mice. The authors found more significant shortening of APD and greater delayed rectifier potassium current increases in the right atrium than the left atrium in hyperthyroid rats which can further increase the risk for atrial arrhythmias. 15 A separate study performed by Chen et al.
studied the effects of thyroid hormone on the arrhythmogenic activity of pulmonary vein cardiomyocytes in rabbits. The authors found that thyroid hormone had the following effects on arrhythmogenesis 16 :
1.) Decreased APD 2.) Increased spontaneous activity in pulmonary vein cardiomyocytes 3.) Increased occurrence of delayed after-depolarizations in pulmonary vein beating and non-beating cardiomyocytes 4.) Increased after-depolarizations in beating cardiomyocytes With the following changes noted, the authors concluded that thyroid hormone plays a role on arrhythmogenesis with an increase of triggered activity or automaticity in pulmonary vein cardiomyocytes. 16 Atrial fibrillation in hyperthyroid human patients, similar to the animal models as discussed is believed to be due to a decreased atrial refractory period and increased sympathetic tone with decreased heart-rate variability. 17 Wustmann and colleagues noted that hyperthyroid patients with no known diagnosis of atrial fibrillation when compared to euthyroid patients without a diagnosis of atrial fibrillation were found to have an increased incidence of supraventricular depolarizations which normalized after treating the hyperthyroidism. 18 While these supraventricular depolarizations have been linked to developing atrial fibrillation in patients who are euthyroid, Wustmann and colleagues did not attempt to prove any causal relationship in hyperthyroid patients. Another study performed by Komiya and colleagues showed that when invasive electrophysiological tests were performed on hyperthyroid patients with paroxysmal atrial fibrillation, in comparison to the control group, there was no increased incidence of abnormal atrial electrograms, whereas those with paroxysmal atrial fibrillation who were euthyroid had a significantly increased incidence of abnormal atrial electrograms when compared to the control. Komiya and colleagues also noted that in patients who were euthyroid, atrial refractory period was not reduced in comparison to controls. 19 Interestingly, the only common finding noted between euthyroid and hyperthyroid patients in the pathogenesis of atrial fibrillation was a prolonged conduction delay and conduction zone. A flowchart illustrating the pathophysiology of atrial fibrillation in hyperthyroidism is shown in Fig. 1 .
Subclinical hyperthyroidism and the association with atrial fibrillation
Sawin and his group reported a 2.8-fold increased risk of atrial fibrillation in subclinical hyperthyroid individuals over the age of 60. 20 Subsequent studies reported similar results. 21, 22 The Rotterdam study performed by Heeringa and colleagues, showed a graded response in patients with atrial fibrillation and thyroxine levels and lower TSH. 11 The mechanism involved was hypothesized by Heeringa and colleagues and is believed to be threefold:
1 Active T 3 binds to T3 Nuclear receptors resulting in specific cardiac gene expression 2 T3 Reduces heart rate variability by reducing vagal tone increasing risk for arrhythmias 3 T3 causes peripheral vasodilation increasing cardiac preload and altering contraction TSH has also been identified as an independent predictor of developing atrial fibrillation with lower limits of normal increasing risk regardless of free T4 levels in patients greater than age 60 within the next decade. 20 While no guidelines are available regarding the frequency of monitoring thyroid function, the association noted prompts close monitoring of thyroid function status in the elderly per clinician discretion.
Cardioversion in those with atrial fibrillation and hyperthyroidism
Cardioversion may be an option in those who remain in atrial fibrillation after 8-10 weeks of remaining in a euthyroid state with anticoagulation for at least three weeks due to the concern of atrial stunning. In patients with atrial fibrillation who are of euthyroid or hyperthyroid status at the time of diagnosis, it is important to note that the chances of failed cardioversion dramatically increase with time. A large risk for recurrence is noted 1 year after diagnosis and even larger risk of recurrence 2 years after diagnosis. 23 In a study performed by Gurdogan and colleagues, irrespective of thyroid status, prolonged duration of atrial fibrillation prior to cardioversion was a poor predictor for sustaining sinus rhythm. 24 Further studies are required to identify those who are good candidates for cardioversion when there is a history of hyperthyroidism.
Catheter ablation of atrial fibrillation in those with hyperthyroidism
In patients with hyperthyroidism related atrial fibrillation, there is no clear consensus in the present literature regarding the efficacy of catheter ablation. Ma et al. studied the efficacy of circumferential pulmonary vein ablation in patients with thyrotoxic atrial fibrillation and found that it was a viable therapeutic option. 25 A case-control study evaluating the efficacy of catheter ablation of paroxysmal atrial fibrillation in patients with a history of AIT found that a single ablation with pulmonary vein isolation had a lower efficacy when compared to patients with paroxysmal atrial fibrillation without a history of AIT. A history of AIT was also found to be an independent predictor of atrial tachycardia. After multiple ablations however, the risk of recurrence was noted to be equal in patients with and without AIT. 26 A subsequent study performed by Wang et al. studying the safety and efficacy of early radiofrequency catheter ablation in patients with paroxysmal atrial fibrillation complicated with AIT found that pulmonary vein isolation was safe and efficacious with a higher incidence of atrial tachyarrhythmias occurring up to three months post procedure but were not noted 12 months post procedure when matched with controls. 27 In a separate study performed by Machino et al., the efficacy of radiofrequency ablation with pulmonary vein isolation was tested in patients who had a history of hyperthyroidism and were euthyroid for a period of three months and matched with a control group of patients with atrial fibrillation without a history of hyperthyroidism. The authors found that there was no difference in risk of occurrence of atrial fibrillation in both groups. 28 Another study performed by Wongcharoen et al. showed that patients with a history of hyperthyroidism had more frequent ectopic events and a higher risk of occurrence of atrial fibrillation after a single ablation. 29 In this study however, the risk of recurrence was not tested after multiple ablations. In the majority of studies, ablation was considered after restoring a euthyroid state for at least three months and was indicated for refractory atrial fibrillation. Thus we conclude that in those patients who have permenant, refractory atrial fibrillation despite restoration of a euthyroid state, ablation may be considered. However, owing to the higher risk of recurrence, multiple ablations are usually required.
Thrombotic risk of atrial fibrillation and hyperthyroidism
Atrial Fibrillation has been known to significantly increase the risk of developing stroke and thrombotic episodes. The current guidelines use the CHA2DS2-VASC scoring system to predict who is at increased risk for a thrombotic episode and would benefit from anticoagulation. Atrial Fibrillation with hyperthyroidism has been studied in various trials with varying results. As per an analysis performed by Presti and Hart regarding several older trials, hyperthyroidism and atrial fibrillation have been shown to independently increase the risk of a thrombotic episode regardless of CHA2DS2-VASC score, particularly embolic events to the central nervous system early in the course of the disease. 30 In a large recent trial conducted in China by Chan et al., of 9727 Chinese patients with nonvalvular AF from July 1997 to December 2011, hyperthyroidism with atrial fibrillation was not known to independently increase the risk of thrombotic events with the risk for thrombosis based of the traditional risk factors outlined in the CHA2DS2-VASC score. 31 Two major recommendations are present regarding anticoagulation in those with atrial fibrillation and hyperthyroidism. As per the American College of Chest Physicians, hyperthyroidism was not found to be an independent risk factor of thrombosis in those with atrial fibrillation and anticoagulation should be based of the traditional CHA2DS2-VASC score. 31, 32 According to the American College of Cardiology however, hyperthyroidism independently increases the risk for development of stroke or thrombosis and patients should receive anticoagulation during the hyperthyroid phase regardless of CHA2DS2-VASC score. 33 In a study performed by de Souza and colleagues, in patients with hyperthyroidism and atrial fibrillation, a traditional CHADS2 score was used to predict who would benefit from anticoagulation with a subsequent TEE performed to assess the efficacy of the score in identifying possible thrombogenic milieu. In this study it was found that only age was an accurate predictor of thrombogenic milieu with the remaining risk factors having a low yield. 34 This study further delineates that the decision to initiate anticoagulation in patients who have hyperthyroidism and atrial fibrillation may ideally be done on an individual basis.
Management of atrial fibrillation secondary to hyperthyroidism
In the majority of cases, the cause of hyperthyroidism is either secondary to autoimmune (graves) disease, toxic multinodular goiter or toxic adenoma. The mainstay of treatment is B-blockade and treatment with an anti-thyroid agent (PTU or methimazole). While B-blocker therapy is first line to manage narrow complex tachyarrhythmias in the setting of thyrotoxicosis, in certain cases of tachycardia induced cardiomyopathy there may be a concern for hemodynamic compromise. In such cases a short acting Bblocker such as esmolol may be given to assess tolerability. 23 Digoxin may also be considered in those with a tenuous hemodynamic status. However, due to a few factors; increased renal clearance, increased sympathetic tone in atrial fibrillation with reduced vagal tone and a large volume of distribution of digoxin, a larger than usual dose of digoxin is required, thus caution must be used to avoid digoxin toxicity. 35, 36 In patient's where B-blocker therapy is contraindicated, other management choices include calcium channel blockers such as diltiazem or verapamil. These agents should however be avoided in those with a reduced ejection fraction or hemodynamic instability due to a strong negative inotropic effect. Amiodarone may be used in the acute setting due to the benefit of converting the patient to normal sinus rhythm when combined with anti-thyroid medications such as PTU to reduce the chance of worsening thyrotoxicosis. 37 Caution must be used however due to the risk of atrial stunning and thrombogenic phenomenon if not properly anticoagulated. Regarding anticoagulation, at present, there is no consensus on the recommendation for anticoagulation during thyroid storm. Elevated thyroxine levels in thyroid storm are known to theoretically increase the risk of a thrombotic event secondary to a metabolic change that occurs in these patients namely: increased levels of Factor VIII, Factor IX, fibrinogen, vWF, plasminogen activator-inhibitor-1 and deficiency of antithrombin III with increased clearance of circulating heparin. 38, 39 The choice to anticoagulate patients in thyroid storm is per the clinician's decision. Some clinicians choose to anticoagulate based of CHA2DS2-VASC score whereas others anticoagulate during the thyrotoxic phase regardless of other thrombotic risk factors.
Pharmacological rhythm control in patients with atrial fibrillation and hyperthyroidism
Rhythm control is usually not recommended in patients with hyperthyroidism and atrial fibrillation as nearly two-thirds of patients revert to normal sinus rhythm 8-10 weeks after achieving a euthyroid state. 40 In those patients who continue to remain in atrial fibrillation after achieving a euthyroid state, rhythm control may be an option however like the general atrial fibrillation population, rate control is usually preferred initially. Options for rhythm control include class IA, IC as well as class III agents. The use of amiodarone may be indicated acutely as mentioned above during a thyroid storm to restore sinus rhythm or for chronic therapy in those with atrial fibrillation refractory to rate control. While the use of amiodarone has not been clearly studied in those with thyrotoxic atrial fibrillation, amiodarone is known to cause hyperthyroidism as well as hypothyroidism. Hyperthyroidism secondary to amiodarone is known as amiodarone induced thyrotoxicosis (AIT) and has been further sub classified into two categories. AIT has an incidence of approximately 3% in North America with an incidence of 10% for those living in iodine-depleted areas. 41 AIT Type I occurs in patients with underlying thyroid disease wherein the iodine load from amiodarone therapy (75 mg of iodine per 200 mg oral tablet) results in increased production of T3 and T4 known as the JodBasedow phenomenon. 42 AIT Type 2 is secondary to an autoimmune destructive thyroiditis where in T3 and T4 is released from the thyroid gland. This is secondary to an elevated concentration of iodide from pharmacological therapy resulting in inhibition of thyroid hormone synthesis and release of stored hormone from the thyroid gland known as the Wolf-Chaikoff effect. 43 AIT type 1 has a higher incidence in countries with iodine deficient regions whereas AIT type 2 is more common in iodine replete areas. 44 In a study performed by Czarnywojtek et al., in patients who were previously hyperthyroid and underwent radioactive ablation of the thyroid gland (presently euthyroid), the efficacy of administering radioactive iodine was assessed prior to initiating amiodarone therapy despite being euthyroid at the time of administration. As per this study the authors concluded that the use of preventive radioactive iodine in euthyroid patients who were previously hyperthyroid prior to chronic amiodarone therapy was found to reduce the incidence of thyrotoxicosis and subsequently help sustain sinus rhythm. Of note 5 patients required an additional dose of radioactive iodine during this study. 45 In another study performed by Kunii et al., the efficacy of Bepridil was tested in converting patients with atrial fibrillation to sinus rhythm in those with and without co-morbid hyperthyroidism. The authors found that Bepidril was equally efficacious irrespective of thyroid status. 46 However, owing to the untoward effects of Bepidril such as the risk of Torsade de pointe, the drug has been banned in several countries and should be used cautiously.
Treatment of hyperthyroidism to prevent atrial fibrillation
In patients with overt hyperthyroidism without atrial fibrillation, thyroid treatment is warranted to reduce the risk of this potential complication. Treatment of subclinical hyperthyroidism should be done in individuals older than 65 and with a TSH level of <0.1 mU/L. If the patient is less than 65 year-old and TSH >0.1, treatment of subclinical hyperthyroidism should be done if the individual has symptoms or has other risk factors i.e. heart disease or bisphosphonate treatment. 1, 47 
Clinical implications
The prognosis of those with hyperthyroidism and atrial fibrillation has not been previously studied to our knowledge. However, identifying that hyperthyroidism is a causative factor of atrial fibrillation plays a crucial role in management as outlined above. Similarly, while the prevalence of hypothyroidism is significantly higher in those with atrial fibrillation when compared to hyperthyroidism, in a large study performed by Selmer et al. as mentioned above, routine follow up with patients after the diagnosis of atrial fibrillation showed that the incidence of hyperthyroidism was significantly higher when matched with those without a history of atrial fibrillation.
6 Thus while no current guidelines are available, routine screening with TSH levels after the diagnosis of atrial fibrillation may help with early detection of hyperthyroidism and decrease the risk of metabolic and cardiovascular side effects.
Conclusion
Atrial fibrillation is the most common arrhythmia in the world with increasing prevalence with age. Causative factors are vast with differences in required management. In this review we focused on hyperthyroidism as a causative factor of atrial fibrillation as well as its prevalence in the population with atrial fibrillation. The goal of this review was to address several questions regarding the differences in management when co-morbid hyperthyroidism is present. The overall prognosis of having comorbid hyperthyroidism and atrial fibrillation has not clearly been studied, however as the risk of recurrence is similar amongst the euthyroid and hyperthyroid groups, we are lead to believe the over all prognosis of hyperthyroidism and atrial fibrillation is similar to those with atrial fibrillation when matched for other variables. Further studies may be indicated to help guide management, however, this review aims to summarize the current major goals in the management of this population.
